The Escherichia coli tsx gene encodes an integral outer-membrane protein (Tsx) that functions as a substrate-specif ic channel for deoxynucleosides and the antibiotic albicidin, and also serves as a receptor for bacteriophages and colicins. We cloned the structural genes of the Tsx proteins from Salmonella typhimurium, Klebsiella pneumoniae and Enterobacter aerogenes and expressed them in an E. coli tsx mutant. The heterologous Tsx proteins fully substituted the E. coli Tsx protein with respect to its function in deoxynucleoside and albicidin uptake, and as receptor for colicin K. The Tsx proteins from K. pneumoniae and Ent aerogenes were also proficient as receptors for several Tsx-specif ic bacteriophages, whereas the corresponding protein from 5. typhimurium did not confer sensitivity against these phages. The nucleotide sequence of the tsx genes from S. typhimurium, K. pneumoniae and Ent. aerogenes was established. Each of the Tsx proteins is initially synthesized with typical bacterial signal sequence peptides and the predicted mature forms of the Tsx proteins have a calculated M, of 30567 (265 residues), 31 412 (272 residues) and 31 477 (272 residues), respectively. Multiple sequence alignments between the Tsx proteins showed a high degree of sequence identity and revealed the presence of four hypervariable regions, which are thought to constitute segments of the polypeptide chain exposed at the cell surface. Most notable was a deletion of 8 amino acids in one of these hypervariable domains in the 5. typhimurium Tsx protein. When this deletion was introduced by site-directed mutagenesis into the corresponding region of the E. coli tsx gene, the mutant Tsx-515 protein lost its phage receptor function but still served as a colicin K receptor and as a substrate-specific channel, indicating that the region between residues 198 and 207 might be part of the bacteriophage receptor area. Multiple sequence alignments, structural predictions and the properties of previously characterized Tsx missense mutants were taken into account to develop a two-dimensional model for the topological organization of the Tsx protein within the outer membrane.
INTRODUCTION
The outer membrane of Gram-negative bacteria functions as a permeability barrier against toxic compounds and serves as a molecular filter for hydrophilic substances. Substrate permeation across this membrane occurs by several mechanisms (Benz, 1994; Nikaido, 1994) . The transport of iron-chelator complexes and vitamin B,, depends on highly specific receptor proteins, and the release of these substrates into the periplasm requires the energy-coupling function of TonB, a protein anchored in the cytoplasmic membrane (Killmann et al., 1993) . In contrast, a large variety of molecules can passively diffuse into the periplasmic space through general porins such as OmpC, OmpF and PhoE, which form open, water-filled pores that function independently of TonB (Cowan et al., 1992; Kreusch & Schulz, 1994; Weiss et al., 1991) . At low external concentrations, certain compounds permeate the outer membrane via substrate-specific channels. Like the non-specific porins, these channels are water-filled and function independently of TonB (Schirmer et al., 1995) . However, they contain a saturable substrate-binding site that endows them with specific characteristics. This ligand-binding site permits the efficient flux of substrate through the channel at exceedingly low external substrate concentration, but when saturated, it limits the rate of solute diffusion. Consequently, substrate-specific channels are of particular physiological importance for the bacterial cell in an environment with a low nutrient content where the flux of substrate through general porins is inefficient (Benz, 1994; Nikaido, 1994) .
The Escherichia coli Tsx protein (TsxE.,.) is an example of such a substrate-specific channel. The 272-residue Tsx protein ) is a minor component of the E. coli outer membrane Krieger-Brauer & Braun, 1980) , but it is essential for the uptake of deoxynucleosides and nucleosides at submicromolar substrate concentrations Hantke, 1976; Krieger-Brauer & Braun, 1980) . Reconstitution of the purified Tsx protein into artificial membranes has proven that it is a channel-forming protein and that its substrate specificity results from a stereo-specific ligand-binding site inside the channel Maier et al., 1988) . Nucleosides and deoxynucleosides are abundant in many habitats, and E . coli can effectively use these compounds both as carbon and nitrogen sources and as precursors for the synthesis of nucleic acids (Zalkin & Nygaard, 1996) . Consequently, the Tsx protein enables the bacterial cell to efficiently scavenge these versatile substrates from the environment. The function of the Tsx protein as a nucleoside-specific channel is reflected by the co-regulation of its structural gene (tsx) Krieger-Brauer & Braun, 1980) with a set of genes encoding transporters necessary for nucleoside translocation across the cytoplasmic membrane and enzymes required for their intracellular metabolism (ValentinHansen et al., 1996; Zalkin 6c Nygaard, 1996) . Expression of the E. coli tsx gene (tsxE.,.) is mediated by two differeritly regulated promoters ; it is under doublenegative control by the DeoR and CytR repressors and is positively affected by the cAMP/CRP receptor protein complex Gerlach et al., 1991) . The Tsx protein renders the E. coli cell susceptible to substances and agents that are detrimental to cell growth. The antibiotic albicidin, a potent inhibitor of prokaryotic DNA replication, uses the Tsx channel for its efficient permeation across the outer membrane (Birch et al., 1990; Fsihi et al., 1993) . In addition, the Tsx protein functions as receptor for several lytic bacteriophages and colicins (Bradley & Howard, 1992; Maier et al., 1990; Manning & Reeves, 1978; Pilsl & Braun, 1995; Schneider et al., 1993) . T o further aid the genetic and biochemical characterization of the multifunctional Tsx protein, we have cloned and sequenced the tsx genes from Salmonella typhimurium, Klebsiella pneumoniae and Enterobacter aerogenes (tsx,.,. , tsx,.,. and tsxEea., respectively). We report here that these tsx genes can be efficiently expressed in an E. coli host, and we have studied the properties of the heterologous Tsx proteins with respect to their function in nucleoside and albicidin uptake and as bacteriophage and colicin receptors. By combining tools for structural predictions of poreforming outer-membrane proteins (OMPs) and multiple sequence alignments, we have developed a model for the topology of the Tsx protein and we discuss here its implications for the function of this integral membrane protein.
METHODS
Bacterial strains, plasmids and bacteriophages. The E. cofi K-12 strains used in this study are listed in Table 1 . The E. coli strain AN1 (tsx recA) was employed in most experiments as the host strain for the cloned tsx,.,., tsx,.,. and tsx,.,. genes. It was constructed by Plvir-mediated transduction of the recA56 mutation from strain GE1806 into BRE2070 (tsx) ( Table 1) by using a tightly linked srf::TnlO insertion as the selective marker. Co-transduction of the recA56 and srf : : TnlO mutations was confirmed by testing tetracycline-resistant transductants for sensitivity against UV radiation. Strain HF1 (met+ ilv+ vaP) (Table 1 ) was used as the host for tsx+ plasmids when the susceptibility of strains against a crude preparation of the antibiotic albicidin was tested; HF1 is resistant against the excess of valine synthesized by the albicidin producer Xanthomonas albilineans strain LS155 (Birch et af., 1990; Fsihi et al., 1993) . Strain HF1 harbouring the various tsx+ plasmids was also used for measuring 8-[14C]deoxyadenosine uptake. K. pneumoniae KAY2026 (F-arg gua Pl'), S. typhimurium LT2 and Ent. aerogenes (ATCC 13048) were used as sources for chromosomal DNA to clone the tsx genes. These strains have been described by Dahl et al. (1989) and by Sprenger & Lengeler (1984) , and were kindly provided by J. Lengeler (University of Osnabriick, Germany) and M. Dahl (University of Erlangen-Niirnberg, Germany). The albicidin producer X . afbilineans LS155 (Birch et af., 1990) was obtained from R. Birch (University of Queensland, Australia). Plasmid pTX5 is a pBR322 derivative and carries the E. coli tsx+ gene on a chromosomal ClaI-StuI restriction fragment . Plasmid pTX5-Al (tsx-515) is a derivative of pTX5 and was constructed in the course of this study by introducing into the tsx gene via site-directed mutagenesis a 24 bp deletion that removes residues and is a derivative of the low-copy-number plasmid pHSG575 (Takeshita et al., 1987) . Plasmids PAN-S1, PAN-K1 and PAN-El are also based on the pHSG575 replicon and carry the tsx+ genes of S. typhimurium, K . pneumoniae and Ent. aerogenes on chromosomal EcoRI or BamHI restriction fragments (Fig. 1) . A 24 bp DNA segment was introduced by site-directed mutagenesis into PAN-S1 (tsxs.,.), yielding PAN-S1 : : 1 (tsx-520) ; this plasmid encodes a mutant Tsx, + protein with 8 additional amino acids between residues source (Miller, 1992; Sambrook et al., 1989) . X . albilineans LS155 was grown at 28 "C in SP medium (Birch et al., 1990; Fsihi et al., 1993) . Tetracycline, kanamycin, chloramphenicol and ampicillin were added to liquid and solid media at a concentration of 5, 30, 30 and 5Opg ml-', respectively. Standard techniques were used for the propagation of bacteria and bacteriophages and for general transduction with phage Plvir. Recombinant M13 phages were propagated on strain TG1 (Table 1) Media, growth conditions and genetic procedures. E . coli, S. typhimurium, K . pneumoniae and Ent. aerogenes strains were grown aerobically at 37 "C in rich media (LB or DYT) or minimal medium A (MMA) with 0.2 O/ O glycerol as the carbon aliquots of 10-fold dilutions of the phage lysates onto bacterial cell lawns seeded in LB soft agar. A crude preparation of colicin K was prepared from strain K49 (Table 1) after mitomycin c induction. The sensitivity of bacterial strains against colicin K was assayed by spotting 10 p1 aliquots of a series of twofold dilutions of the colicin K preparation onto bacterial cell lawns plated in LB soft agar. Sensitivity to colicin K was recorded after incubation of the plates at 37 "C overnight (Krieger-Brauer & Braun, 1980 XAD-7 resin (Sigma) and subsequent elution with methanol (Birch et al., 1990; Fsihi et al., 1993) . The susceptibility of E. coli strains to albicidin was determined by placing 50pl aliquots of twofold dilutions of the albicidin solution into wells (0-5 cm) cut into LB agar plates overlaid with soft agar containing the bacterial cells. The zone of growth inhibition around the wells was recorded after overnight growth of the cells at 37 "C . Nucleic acid procedures and cloning of the tsx genes from 5. typhirnurium, K. pneurnoniae and Ent. aerogenes. Isolation and routine manipulations of plasmid, chromosomal and A DNA were all carried out by standard techniques (Sambrook et al., 1989) . To detect the tsx genes in the chromosomal DNA of S. typhimurium, K. pneumoniae and Ent. aerogenes, we performed Southern hybridization experiments (Sambrook et al., 1989 ) using a 081 kb HpaI fragment from pTX5 carrying most of the E. coli tsx coding region (Fig. 1) as the hybridization probe. The probe was labelled with digoxygenin, and the DNA : DNA hybrids were detected according to the procedures provided with the Non-radioactive DNA Labelling and Detection Kit (Boehringer) . Chromosomal DNA from S. typhimurium, K. pneumoniae and Ent. aerogenes was digested with EcoRI, BamHI and BamHI, respectively. The resulting restriction fragments were then electrophoretically separated on a 0-8 '/O agarose gel, transferred onto a nylon membrane (Nyl3N; pore size 0.45 pm; Schleicher & Schuell), and hybridized to the tsx,.,. DNA probe. The hybridization conditions were as follows. The prehybridization of the nylon membrane was performed at 68 "C and was followed by a temperature down-shift to 45 "C for the period of hybridization to the DNA probe. After incubation overnight in the hybridization solution, the membrane was washed twice for 5 min at room temperature with a solution containing 2 x SSC, 0 1 YO (w/v) SDS and twice for 15 min at 45 "C with a solution containing 0 . 5~ SSC, 0.1 O/ O (w/v) SDS. We found that the DNA sequences homologous to tsxE.c were located on 4.7 kb EcoRI, 4.0 kb BarnHI and 4 2 kb BamHI restriction fragments within the S. typhimurium, K. pneurnoniae and Ent. aerogenes genomes, respectively (Fig. 2) . To clone these DNA fragments, we digested chromosomal DNA from these bacteria with restriction enzymes, electrophoretically separated the restriction fragments on agarose gels and eluted DNA fragments of the appropriate size from gel slices. The EcoRI restriction fragments from S. typhirnurium were ligated into the 1 cloning vector AgtlO (Huynh et al., 1985) and the BamHI fragments from K. pneumoniae and Ent. aerogenes were cloned into the LSE6 vector (Elledge & Walker, 1985) . The recombinant 2 DNA was packed in vitro with Gigapack I1 Gold Packaging extracts (Stratagene) and the bacteriophages were plated on strain BRE2000 (tsx: : TnlO) (Table 1) . Recombinant A phages carrying the tsx regions were identified by plaque hybridization using the digoxygeninlabelled HpaI restriction fragment from the tsx,.,; gene ( Fig. 1 ) as probe. The cloned DNA fragments from positively reacting phages were cut with restriction enzymes from the recombinant 1 DNA and inserted into the polylinker of the chloramphenicol-resistant low-copy-number vector pHSG575 (Takeshita et al., 1987) . These constructions yielded plasmids PAN-S1 (tsx?.,.), PAN-K1 (tsxK.p.) and PAN-El (tsx,.,.), respectively ( Fig. 1) . The position and orientation of the tsx genes within the cloned DNA segments was established by probing various single and multiple restriction digests of the plasmids with digoxygenin-labelled DNA hybridization probes derived from plasmid pTX5. These DNA probes carried either the 5' region of tsx,., on a 0 6 kb ClaI-KpnI restriction fragment or the 3' region on a 0.48 kb KpnI-HpaI fragment ( Fig. 1 ).
For the DNA sequence analysis of tsxS.,., tsx,.,. and tsx,.,. and their flanking regions, we isolated a series of subclones from plasmids PAN-S1, PAN-El and PAN-K1 ( Fig. 1 ) in bacteriophage M13 cloning vehicles and used these recombinant phages to construct a series of overlapping M13 clones with defined deletions (Dale et al., 1985) . The sequencing (Sanger et al., 1977) of double-or single-stranded DNA segments was performed with the Sequenase 2.0 Kit (USB) under conditions recommended by the suppliers. Gaps in the sequence were closed by using several synthetic oligonucleotide primers. The entire DNA sequence of each tsx gene was determined on both DNA strands.
Sitedirected rnutagenesis of the tsx,,. and tsxsmt.. For the deletion of 24 bp in the E. coli tsx gene and for the insertion of these 24 bp in the corresponding segment in tsxSet., we used site-directed mutagenesis (Deng & Nickoloff, 1992) and Nucleoside-specific Tsx channel reagents from the Transformer Site-Directed Mutagenesis Kit (Clontech) . This procedure uses double-stranded plasmid DNA as a template. The plasmid must contain a unique restriction site and a selectable antibiotic resistance marker. In addition to the mutagenic oligonucleotide, a selection oligonucleotide is used that contains a mutation in the restriction enzyme recognition site that is unique in the target plasmid. The mutagenesis was performed on the E . coli tsx+ plasmid pTX5 to delete 24 bp between nucleotides 661 and 684 within the tsx gene. The mutagenic primer M1 (5' CCGATTT-AGGGGATGAC-A-AAGACCCGTACTAATAACTCTAT-CGC 3') anneals to 17 bp upstream and 26 bp downstream of the region in the tsx gene that is to be deleted. The selection primer Sl(5' CGTCTTCAAGATATCTCATGTTTGAC 3') changes the unique EcoRI site (GAATTC) of pTX5 (Bremer et a/., 1990) into a recognition sequence for EcoRV (GATATC). Conversely, the 24 bp segment of tsx,.,. was introduced after nucleotide position 663 bp into tsx,.,. carried by plasmid PAN-S1. In the mutagenic primer M2 (5' GGATCTGATTTAG-
GCGACGAT::AGCGGTAACGCAATCAACGGTATT::
CCGAACCGTACCAGCAACTCC 37, the 24 nucleotides to be inserted are flanked on both sides by 21 nucleotides that are complementary to the nucleotide sequence of tsx,.,.. The selection primer S2 (5' GCAGGTCGACGGTACCCCGG-GAATTCG 3') alters the single restriction site for BamHI (GGATCC) in PAN-S1 to a KpnI site (GGTACC). The mutagenized plasmids were transformed into strain DHB4 mutS (Table 1 ) and the presence of the desired deletion and insertion mutations was verified by DNA sequence analysis. These manipulations yielded plasmids pTX5-A1 with the mutant (tsx-515) tsx,.,. and plasmid PAN-S1 : : 1 with the mutant (tsx-520) tsx,.,..
Preparation of cell envelopes, gel electrophoresis, immunological detection of the Tsx protein and nucleoside uptake
assays. Cell envelopes were prepared from 40 ml overnight cultures grown in DYT medium. The membrane proteins were solubilized in sample buffer containing 2% SDS by boiling for 5 min and portions were electrophoresed on a 12 ' / o SDS-polyacrylamide gel . Protein bands were visualized by staining with Coomassie brilliant blue. For the immunological detection of the Tsx protein, electrophoretically separated cell envelope proteins were transferred to a nylon membrane (Immobilon-P;. pore size 0.45 pm; Millipore) and reacted with a rabbit antiserum raised against denatured Tsx,.,.. The antigen-antibody complexes were visualized with a second goat anti-rabbit immunoglobulin G alkaline-phosphatase-conjugated antibody using 5-bromo-4-chloro-3-indolylphosphate and nitroblue-tetrazolium chloride as substrates . The initial uptake of 8- ['4C ]de~xyaden~~ine [46.6 mCi mmol-l (1.72 GBq mmol-l) ; Du Pont-New England Nuclear] was measured in cells grown in MMA with 0.2 O/ O glycerol as the carbon source, as described previously Krieger-Brauer & Braun, 1980) . The final substrate concentration of 8-[14C]deoxyadenosine in the transport assays was 0.55 pM.
DNA and amino acid sequence analysis. DNA and protein sequences were assembled and analysed with the Lasergene program (DNASTAR) on an Apple Macintosh computer. Searches for homologies were performed at the National Center for Biotechnology Information with the BLAST programs (Altschul et al., 1990) . The analysis of the Tsx sequences from E . coli, S . typhimurium, K . pneumoniae and Ent. aerogenes and the prediction of the membrane topology of Tsx were performed with computer programs developed by F. Pattus and co-workers (Jeanteur et al., 1991 (Jeanteur et al., , 1994 for the alignment and analysis of the transmembrane topology of bacterial porins. In general, /?-strands were predicted using a combination of hydrophobicity and hydrophobic moment values in conjunction with sequence conservation, absence of gaps in the aligned protein sequences and absence of turn predictions. Extramembranous domains were defined by their low hydrophobicity and hydrophobic moment values, sequence variability, the presence of gaps and turn predictions.
RESULTS AND DISCUSSION
S. typhimurium, K. pneumoniae and Ent. aerogenes synthesize an OMP related to Tsx,, To investigate whether S. typhimurium, K . pneumoniae and Ent. aerogenes possess DNA sequences related to tsxE.c. , we probed restriction digests of total chromosomal DNA from these Gram-negative bacteria with a labelled HpaI fragment carrying most of the tsx coding region (Fig. 1) . This probe hybridized specifically to a 4.2 kb CZaI DNA fragment in a restriction digest of genomic DNA prepared from the E . coli tsx+ strain MC4100 and to two CZaI fragments when the chromosomal DNA was prepared from the tsx : : TnZO mutant strain BRE2000 (Fig. 2) . Such a hybridization pattern is expected from the known physical organization of the tsXE.c. region (Bremer et az., 1990) and the presence of a unique CZaI site in the TnZO element (Way et al., 1984) . We found that the tsxEec. DNA probe hybridized to unique genomic restriction fragments from S. typhimurium, K . pneumoniae and Ent. aerogenes (Fig. 2 ).
These tsx-like genes are apparently expressed, since we detected an OMP that was immunologically related to TsxE..,, in cell envelope preparations from these microorganisms (Fig. 2) . Taken together, these observations indicated that S . typhirnurium, K . pneumoniae and Ent. aerogenes each possess a tsx gene whose product is routed into the cell envelope.
Cloning and expression of tsx,,, tsx,,. and tsx,,. in E. coli
To clone these tsx genes, we constructed gene libraries from S. typhimurium, K . pneumoniae and Ent. aerogenes in bacteriophage A cloning vectors. We then searched for the heterologous tsx genes by DNA hybridization in phage plaques using a restriction fragment from tsxEec. as probe. Positively reacting recombinant A phages were readily detected in each case and the cloned chromosomal DNA segments were subsequently ligated into the low-copy-number vector pHSG575 (Takeshita et al., 1987) . These constructions yielded plasmids PAN-S1, PAN-K1 and PAN-El, carrying tsx,.,., tsx,,,. and t s X E . a . , respectively. Restriction maps of the cloned DNA fragments were established and are shown in Fig. 1 . We then determined the approximate position of the tsx genes within the cloned DNA segments by probing various single and multiple restriction digests of plasmids PAN-S1, PAN-K1 and PAN-El with the labelled DNA hybridization probe derived from tsxESc. (Fig. 1) . To examine whether the heterologous tsx genes were expressed in E. coli, plasmids PAN-S1 (tsx,.,.) , PAN (tsx,.,,) and PAN-El (tsx,.,,) were separately transformed into strain AN1 (tsx recA) and the OMP profile of the transformants was analysed by SDS-PAGE. Each of these transformants produced a new OMP that reacted with the Tsx antiserum (Fig. 3) . Thus the cloned genomic DNA segments from S. typhimurium, K. pneurnoniae and Ent. aerogenes do encode proteins related to TsxEac. and the various tsx genes were efficiently expressed in an E. coli host. The Tsx proteins
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were routed into the outer membrane, demonstrating that the topogenic signals required for their proper insertion into this cell compartment are evolutionarily conserved. Due to the low copy number of the tsx+ plasmids, the various Tsx proteins were not strongly overproduced in comparison to the E. coli strain BRE20.50 (Fig. 3) , which expresses a chromosomal copy of tsxEac, constitutively due to mutations in the cytR and deoR repressor genes (Bremer et al., 1988) .
Nucleoside-specific Tsx channel Derivatives of strain AN1 (tsx recA) and HF1 (tsx met' ilv+ V a l R ) carrying the cloned tsx,.,., tsx,.,. and tsxEea.
genes were used to compare the functional properties of the heterologous Tsx proteins with those of TsxE.-,. (Table 2 ). The nucleoside-specific channel activity of the Tsx protein Maier et al., 1988) can be monitored in viuo by measuring deoxynucleoside uptake at submicromolar substrate concentrations Hantke, 1976 ; Krieger-Brauer & Braun, 1980) . We measured the initial transport of [ "Cldeoxyadenosine in strains expressing the tsxS.,., tsx,:,. and tsxEaa, genes at a final substrate concentration of 0.55 pM. Derivatives of HF1 carrying tsxEmc. on plasmid pHFl or the vector pHSG575 showed the expected strong dependence on the Tsx protein for [l'Cjdeoxyadenosine uptake at such a low substrate concentration (Fig. 4) . Each of the heterologous Tsx proteins facilitated the efficient uptake of the deoxynucleoside and there was no strong difference in the initial rate of [l'C]deoxyadenosine transport in comparison to strains synthesizing T s x~.~. . Likewise, each of the E. coli strains expressing one of the heterologous tsx genes was fully sensitive to the antibiotic albicidin (Table 2) which depends on the Tsx channel for its permeation across the outer membrane (Birch et al., 1990; Fsihi et al., 1993) .
Hence, the TsxS,t., Tsx,.,. and TsxE.~. each function as a substrate-specific channel. The heterologous Tsx proteins could also operate with the same efficiency as TsxE.~. as receptors for colicin K (Table 2) ; however, they differed in their ability to serve as receptor for Tsx-specific bacteriophages. Tsx,.,.
conferred full sensitivity to a panel of eight Tsx-specific phages. TsxE.~. showed a partial defect in its bacteriophage receptor function : it could serve as a receptor protein for phages T6, T6h3.1, 0 x 1 , K9, K18 and H1, but the plating efficiency of phages H3 and H8 was markedly reduced (Table 2 ). In contrast, the strain synthesizing Tsx,.,. was fully resistant to these bacteriophages (Table 2 ) and cultures of AN1 (PAN-S1) were also unable to neutralize any of the Tsx-specific phages (data not shown), indicating that Tsx,.,. was not recognized as a receptor by these Tsx-specific bacteriophages. This is a specific effect associated with Tsx,.,. since strain AN1 (PAN-S1) was fully sensitive to the OmpA-and LamB-specific phages TuII* and Avir (data not shown). Consequently, synthesis of Tsx,.,. in E. coli does not result in a general pattern of phage resistance. The results summarized in Table 2 demonstrate that TsxS.t., Tsx,.,.
and TsxE.~. can fully functionally replace TsxE.~. with respect to its nucleoside-specific channel activity, its role in albicidin uptake and colicin K receptor function. This suggests that the overall topological organization of the Tsx proteins within the outer membrane is likely to be well conserved. However, the differences in the phage receptor function among the various Tsx polypeptides indicate that Tsx,.,. and TsxE.~. underwent evolutionary changes in those cellsurface-exposed segments that constitute the phage receptor areas.
Nucleotide sequence of tsx,,, tsx,,. and tsx,,,
We determined the nucleotide sequence of tsxSmt., tsx,.,. and ~s x~,~. and their flanking regions from restriction fragments cloned into derivatives of phage M13. Each of the tsx coding regions begins with an ATG start codon that is preceded by a putative ribosome-binding site complementary to the 3' end of the 16s RNA, and this region has a typical spacing of 7 bp to the start codon (Fig. 5 ) . Like their E. coli counterpart, the t~x , . ,~ and tsxEea. reading frames comprise 294 codons. tsx,.,. encodes a protein of only 287 residues: there is an insertion of an additional codon and a deletion of 8 codons from the tsx,.,. reading frame. The DNA sequences of the tsx coding regions exhibit a high degree of sequence homology, with 69 % of the base pairs being identical in t~x~.~. , tsxSet., tsx,.,. and tsxEBa.. Many of the observed nucleotide changes result in the switch to synonymous codons and are thus of no consequence for the properties of the various Tsx proteins. However, four short DNA segments had a high proportion of base pair changes that result in the substitution of many amino acid residues in the corresponding segments of the Tsx proteins (Fig. 6) . Expression of tsxEec. is co-regulated with the systems for nucleoside uptake and metabolism. Mapping of the transcription initiation sites for the tsx mRNAs and genetic analysis of the pattern of tsx regulation have shown that tsx transcription initiates from two differently regulated promoters. The upstream promoter (tsx-pl) is negatively controlled by the DeoR repressor and due to its low level of activity contributes very little TT.A .AAGAGTTCGT..G..A.CGCTCCTGTA.-....TTT......GC..-TTT.T to total Tsx production Krieger-Brauer & Braun, 1980) . The major promoter (tsx-p2) is activated by the cAMP/CRP complex and is negatively regulated by the CytR protein ; Gerlach et al., 1991) . The nucleotide sequences of the regulatory regions of tsx genes from tsxSSt., tsx,.,. and tsxEma. are shown in Fig. 5 , where they are compared with the corresponding region of ~s x~,~. .
The overall sequence homology in this DNA segment is much lower than that of the tsx coding regions but several highly conserved regions are apparent. These conserved DNA segments are centred around the CytR-and cAMP/CRP-controlled tsx-p2 promoter, where two cAMP/CRP binding sites and a CytR binding region have been identified by high-resolution footprinting analysis (Gerlach et al., 1991) . The CytR repressor and the cAMP/CRP activator bind co-operatively to the tsxp2 area in E. coli and form an extended nucleoprotein complex that reaches close to the -10 region of the promoter (Gerlach et al., 1991) . The conservation of these sequences in the tsx genes thus likely reflects their common genetic control by the CytR and cAMP/CRP regulatory proteins (Valentin-Hansen et al., 1996) . In contrast, the DNA sequences around the rather weak, DeoR-controlled E. coli tsx-pl promoter are not particularly well conserved (Fig. 5) . It is therefore questionable whether such a promoter also operates in tsxSet., tsx,.,. and tsxESa..
The nucleotide sequence distal to the tsx stop codons varies considerably among the four determined DNA regions. A copy of a REP element, which is a highly repetitive extragenic palindromic sequence dispersed around the bacterial chromosome (Bachellier et al., 1996) , is present distal to the 3' end of the tsxEVc. coding region . Such REP sequences can also be found in the 3' segments of t s~~.~. , tsx,.,. and tsxEma. (data not shown). An extra piece of DNA (453 bp) downstream of the tsx,.,. coding region is absent from the corresponding regions of the other tsx genes. Within this DNA segment, a short ORF (orfx) Nucleoside-specific Tsx channel can be found (Fig. 1 ) that could encode a 132 amino acid residue protein with a calculated M, of 14508. The deduced OrfX protein has no homology to any other protein currently represented in the databases. We detected in the S . typhimurium DNA sequence downstream of orfx another ORF, orf6 (Fig. l) , which could encode a 109 amino acid residue protein (M, 12623). The orf6-encoded protein exhibits high sequence identity (95 YO) to a previously described protein (Orf6) with unknown function encoded by the tsx-orf6-secF region of the E. coli chromosome (Lucht et al., 1992) .
Features of the Tsx proteins
TsxE.~. is initially synthesized with an amino-terminal signal sequence that is required for its translocation across the cytoplasmic membrane (Bremer et al., 1990) . The amino-terminal22 amino acid residues of each Tsx protein exhibited the characteristic features of a prokaryotic signal sequence (Michaelis & Beckwith, 1982) . Many amino acid substitutions, in particular in the hydrophobic core of the signal sequence, are present in this region (Fig. 6 ), but due to the conservative nature of these alterations, none of these changes are expected to impair the function of the Tsx signal sequence. The predicted mature proteins Tsx,.,. (265 residues Approximately 78% of the amino acid residues are identical among all four Tsx proteins, but there are four regions which show a considerable degree of sequence variability (Fig. 6) . Such an alternation between highly conserved and hypervariable regions has also been found in several other OMPs (e.g., OmpA, PhoE, LamB) and these highly variable segments are generally regarded to represent cell-surface-exposed domains (Braun & Cole, 1984; van der Ley et al., 1987; Werts et al., 1992) . The insertion of a single amino acid residue into and the deletion of 8 residues from Tsx,.,. have occurred in such hypervariable regions (Fig. 6) . Approximately 40 YO of the differences between the Tsx proteins involve conservative amino acid substitutions and many of these alterations have occurred in well-conserved portions of Tsx (Fig. 6) . In contrast, most of the non-conservative changes have taken place in the hypervariable segments (Fig. 6) . TsxE.~., Tsx,.,. and TsxE.~. each contain 52 charged residues; 32 are acidic and 20 are basic. There are 31 acidic and 20 basic amino acid residues present in Tsx,.,.. Thus, each of the Tsx proteins has a net negative charge of .-12 ( -11) residues, a value similar to that observed for the channel-forming proteins OmpC (-14), OmpF (-11), PhoE (-9) and LamB (-19) . Like most porins (Gerbl-Rieger et  al., 1991) , none of the Tsx proteins contains a cysteine residue. A database search for proteins homologous to Tsx did not reveal any significant sequence identity to any other known general porins or substrate-specific channels. The Tsx proteins are, however, distantly related (approximately 29 YO identity) to OmpK, a 26 kDa OMP from Vibrio parahaemolyticus with unknown function that serves as a receptor for the broadhost-range vibriophage KVP40 (Inoue et al., 1995) .
Sitedirected mutagenesis of tsx,,. and tsx,,
An important difference in the functions of the various Tsx proteins was the lack of phage receptor activity of Tsx,:,. produced by an E. coli host strain (Table 2) . A deletion of 8 amino acids is present in one of the hypervariable, and thus most likely cell-surface-exposed domains of Tsx,.,. (Fig. 6) . We wondered whether this prominent change was the cause for the resistance against Tsx-specific bacteriophages. To address this question, we used site-directed mutagenesis to introduce a 24 bp deletion into the corresponding portion of t~x~.~. , resulting in the removal of residues Ser-199 to Ile-206 and the construction of the tsx-515 mutation. Conversely, we introduced a 24 bp DNA segment into tsx,,,. which caused the insertion of 8 amino acids between residues Asp-199 and Pro-200 of TsxS.,., yielding the tsx-520 mutation. The amino acid sequence of the inserted peptide (Ser-Gly-Asn-Ala-Ile-Asn-GlyIle) was identical to that removed by the tsx-515 deletion from TsxEecm (Fig. 6) . We introduced the plasmids carrying the tsx-515 (pTX5-Al) and tsx-520 (PAN-S1::l) mutations into strain AN1 and analysed the OMP profile of the resulting strains by SDS-PAGE. The Tsx-515 and Tsx-520 proteins were produced in amounts similar to that of their wild-type counterparts (data not shown) and are thus stable mutant derivatives of Tsx.
The removal of residues Ser-199 to Ile-206 from TsxE,~. (Tsx-515) resulted in complete resistance against Tsxspecific phages (Table 3 ), suggesting that this segment of the Tsx polypeptide is an important determinant for phage receptor function. This finding also implies that the region between Ser-199 and Ile-206 is exposed at the cell surface. In contrast, the insertion of 8 amino acid residues between ., did not endow the mutant protein with full phage receptor function. Synthesis of the Tsx-520 protein permitted the efficient plating of phage T6h3.1, an extended host-range mutant of T6 (Maier et al., 1990; Schneider et al., 1993) and also allowed the propagation of phage T6 to some degree, but the Tsx-520 protein did not function as receptor for the Tsx-specific phages 0x1, H1, H3, H8, K9 and K18 (Table 3) . Consequently, the deletion present in tsx,.,. is clearly not the sole cause for the lack of phage receptor activity of Tsx,.,.. We also characterized the properties of strains AN1 (pTX5-A1) and AN1 (PAN-S1: : 1) with respect to their sensitivity against colicin K. Strains HF1 (pTX5-A1) and HF1 (PAN-S1 : : 1) were examined for their susceptibility to the antibiotic albicidin and their [14C]deoxyadenosine 
Membrane topology of the Tsx protein
The recent elucidation of the atomic structure and outer-membrane topology of porins from Rhodobacter capsulatus, Rhodopseudornonas blastica and the OmpF and PhoE porins from E. coli (Cowan et al., 1992; Kreusch & Schulz, 1994; Weiss et al., 1991) has greatly advanced our understanding of the structure-function relationship of these types of pore-forming proteins. A common picture of the architecture of general diffusion pores has emerged from these crystallographic studies. The native form of the porins is a trimer with each subunit containing a pore. The channel-forming motif is an anti-parallel p-barrel with very short connecting loops of transmembrane p-strands on the periplasmic side of the membrane and extended cell-surface-exposed loops of variable length. The membrane-spanning 8-strands surrounding the aqueous pore have an amphipathic character; they face the lipid phase with their hydrophobic side and line the channel with their hydrophilic portion. These p-strands are tilted with respect to the plane of the membrane and their length varies in the Rb. capsulatus porin from 6 to 17 amino acid residues (Weiss et al., 1991) . The same basic building principles also apply to substrate-specific diffusion channels such as the maltoporin LamB from E. coli (Schirmer et al., 1995) , despite the absence of sequence homology between LamB and the general porins. By taking into account the information derived from the X-ray structure analysis of porins, the analysis of hydrophobicity and amphipathicity of p-strands and multiple sequence alignments, Pattus and co-workers (Jeanteur et al., 1991 (Jeanteur et al., ,1994 have developed a set of tools that can be used for the prediction of transmembrane topology of pore-forming proteins with unresolved Xray structure (Huang et al., 1995) . We have applied these rules to the Tsx sequences to develop a two-dimensional model for the topological organization of this protein within the E. coli outer membrane (Fig. 7) . In this model, the 272-residue Tsx protein is depicted as a p-barrel with 14 membrane-spanning segments and each of the proposed transmembrane p-strands has an amphipathic character. The OmpF, PhoE and general porins from E.
coli, Rb. capsulatus and Rp. blastica contain 16 such pstrands (Cowan et al., 1992; Kreusch & Schulz, 1994; Weiss et al., 1991) and 18 membrane-spanning segments are present in the maltodextrin-specific LamB protein (Schirmer et al., 1995) . The lower number of the predicted membrane-spanning strands in Tsx might indicate that the interior of the Tsx channel is much more restrictive than those of the general porins and LamB. Consistent with this idea is the very low singlechannel conductance of 10 pS found when the purified Tsx protein was reconstituted into black lipid membranes Maier et al., 1988) , a value considerably smaller than that measured for the general diffusion pores OmpF (1500 pS) and OmpC (1900 pS), and for the substrate-specific LamB channel (155 pS) under the same reconstitution conditions (Benz, 1994) . The lengths of the putative p-strands in Tsx vary from 6 to 13 residues, with the majority of the membranespanning segments having a size of 9-10 residues, a value similar to that found in LamB and the E. coli, Rb. capsulatus and Rp. blastica porins.
The sequences of each of the proposed 14 membranespanning p-strands in Tsx (Fig. 7) are highly conserved and contain, with the exception of two positions in T s x~.~. , only conservative substitutions (Fig. 6) ; these changes thus do not alter the amphipathic character of the membrane-spanning segments. This high degree of sequence conservation likely reflects structural con- straints imposed on the properties of the p-strands by the overall porin architecture. The aromatic residues in the transmembrane segments of Tsx tend to cluster near the ends of the p-strands where they could contribute to the formation of two hydrophobic girdles that are thought to stabilize the b-barrel structure within the membrane (Cowan et al., 1992; Kreusch & Schulz, 1994; Schirmer et al., 1995) .
The amphipathic nature of the last /%strand is highly conserved in many OMPs and plays an important role for their proper membrane insertion. A phenylalanine facing the periplasmic side of the membrane is frequently found at the very carboxy-terminal end of these polypeptides (Struyvi et al., 1991) and such a residue is also present at this position in each of the four Tsx proteins (Fig. 6 ). Both the carboxy-and amino-terminal ends of Tsx are envisioned in our model to face the periplasm (Fig. 7) , consistent with the known location of these termini in the solved porin and LamB structures (Cowan et al., 1992; Kreusch & Schulz, 1994; Schirmer et al., 1995; Weiss et al., 1991) . Each of the postulated periplasmic turns in the Tsx polypeptide comprises just a few residues (2-4 amino acids), which should give the lower rim of the Tsx /$barrel a rather regular shape similar to that found in the known porin structures. There is no sequence variation among the Tsx proteins (Fig. 6 ) in any of the proposed periplasmic turns. In contrast, the presumed cell-surface-exposed domains vary considerably in length, ranging from 5 to 29 residues (Fig. 7) , and 4 of the proposed 7 external loops comprise hypervariable regions of the Tsx polypeptide chain (Fig. 6) .
Implications for the functional organization of Tsx
There is good evidence from the analysis of several enterobacterial OMPs, that hypervariable regions represent cell-surface-exposed domains and frequently constitute binding sites for colicins, bacteriophages and antibodies (Braun & Cole, 1984; van der Ley et al., 1987; Werts et al., 1992) . Their sequence variability might thus reflect a strong selective pressure for resistance against a number of lethal agents present in the natural habitats of these micro-organisms. We have previously identified single amino acid substitutions at residues Asn-249 and Asn-254 which specifically abolish the phage receptor function of Tsx, and a deletion of residues from Gly-239 to Asp-244 which simultaneously destroys its phage and colicin K receptor activity (Maier et al., 1990; Schneider et al., 1993) . These residues are all part of the hypervariable loop L7 close to the carboxyterminal end of Tsx. As demonstrated in this report, the removal of 8 amino acid residues from the hypervariable L6 area also results in resistance against Tsx-specific phages without impairing the colicin K receptor activity or substrate-specific channel function of the Tsx protein (Table 3) . Thus, there is experimental evidence to support the proposed cell surface location of both loops L6 and L7, but further studies are required to confirm the presumed location of the other loops (Fig. 7) . A genetic approach to detect mutant Tsx proteins with altered channel characteristics has identified single amino acid substitutions at residues Phe-27, Gly-28, Gly-239 and Gly-240 that result in resistance to the antibiotic albicidin and impair the nucleoside uptake function of Tsx in uivo . The affected residues are part of the cell-surface loops L1 (Phe-27, Gly-28) and L7 (Gly-239, Gly-240) (Fig. 7) and these changes might thus negatively influence the entry of nucleosides and albicidin into the Tsx channel. In a similar manner many point mutations in lamB with a negative influence on sugar binding and translocation through the maltodextrin-specific LamB channel affect residues on cell-surface loops which form an umbrella covering the entrance to the channel (Hofnung, 1995) . Residue Ser-217 in Tsx is part of the hydrophilic face of transmembrane /?-strand number 12 (Fig. 7 ) and its side chain should thus be exposed to the aqueous channel. The substitution of Ser-217 with an Arg residue causes a severe defect in nucleoside uptake and strong resistance against albicidin . These findings suggest that either Ser-217 might be part of the substratespecific filter within the Tsx channel, or the positive charge and the bulky side chain of the Arg residue introduced by the mutation might obstruct the lumen of the pore. The functional importance of the amino acid residues altered in the albicidin-resistant E . coli tsx mutants is emphasized by their conservation in the TsxSat,, TsxEma. and Tsx, . polypeptides, with the exception of the Gly-28 resdue in Tsx,.,. (Fig. 6 ) .
An important feature of both the general porins and the maltodextrin-specific LamB channel is the presence of a long loop on the cell surface side of the membrane that folds back into the channel where it constricts the pore to an eyelet and influences the biophysical properties of the channel (Cowan et al., 1992; Kreusch 8c Schulz, 1994 ; Schirmer et al., 1995 ; Weiss et al., 1991) . This loop links the /?-strands 5 and 6 in the porins and LamB but the corresponding segment in the proposed Tsx model is rather short. It is currently unclear which loop might serve a comparable function for the architecture of the Tsx channel. The model for the topology of Tsx presented here will thus serve as a very useful tool to guide future studies on the structure of the substratespecific Tsx channel and its function as bacteriophage and colicin receptor.
